We investigate the dynamic heterogeneities of liquid water by performing molecular dynamics simulations using the SPC/E model. We identify clusters of mobile molecules consistent with spatially heterogeneous dynamics. We study the temperature and time dependence of the cluster size and find that clusters grow as temperature decreases and reach their maximum size at the time scale corresponding to the escape of the molecules from the cages formed by neighboring molecules. We relate the average mass n ¡ of mobile particle clusters to the diffusion constant, D, and the configurational entropy, S conf . We find that n ¡ can be interpreted as the mass of the "cooperatively rearranging regions" that form the basis of the Adam-Gibbs theory of the dynamics of supercooled liquids.
INTRODUCTION
Supercooled liquids are characterized by the nonexponential decay of ensemble-averaged time correlation functions [1, 2, 3, 4] . According to the mode coupling theory (MCT) [5, 6] , this decay can be expressed in terms of a stretched exponential function, exp Two microscopic scenarios have been proposed to explain this behavior; they are schematically shown in Fig. 1 . In the spatially "homogeneous dynamics" scenario, correlation functions for different molecules decay in the same way, e.g., by a unique stretched exponential function with a characteristic relaxation time τ and exponent β . As shown in Fig. 1 , in the "homogeneous" scenario, all molecules are equivalent. As temperature is lowered, the locally averaged molecular displacement is the same at every point in the system. The homogeneous scenario is inconsistent with experiments [7, 8, 9, 10, 11, 12] and simulations [13, 14, 15, 16] , which identify dynamical heterogeneities in supercooled liquids and spin glasses [17] .
In the spatially "heterogeneous dynamics" (SHD) scenario, correlation functions for different molecules also decay exponentially, but with a distribution of relaxation times [18] . The superposition of these individual exponential contributions produces a non-exponential decay of the ensemble-averaged time correlation function, and the exponent β is a measure of the width of the distribution of relaxation times. In the heterogeneous scenario, the locally averaged molecular displacements are FIGURE 1. Two possible scenarios proposed to describe diffusion in cold liquids. In the spatially homogeneous dynamics scenario molecules relax in the same way, while in the SHD scenario, sets of more mobile molecules (in comparison to the average motion of the molecules in the system) form patches or clusters. The size of these clusters increases upon cooling. different depending on the part of the system box we are looking at. One finds groups of molecules that are more mobile and groups that are less mobile than the average molecule in the system. As the temperature is lowered patches formed by mobile molecules increase in size. These patches of mobile molecules have a short lifetime; they appear and disappear constantly in different parts of the system. In the next section we show that SHD describe the dynamics in supercooled water.
The number of different configurations available to the system has been related to the configurational entropy S conf , a concept first introduced by Adam-Gibbs (AG) [29] . The AG theory predicts that the diffusion coefficient can be expressed as a function of temperature and S conf . The AG prediction was confirmed in computer simulations using the SPC/E model [30] . However, the AG theory is based on the concept of cooperative rearranging regions (CRR), which are not precisely defined. In the subsequent section we relate the clusters formed by mobile molecules found in simulations [31] with the CRR from AG theory.
SPATIALLY HETEROGENEOUS DYNAMICS
Clusters composed of particles with high mobility have been found in numerical simulations of simple systems, e.g., Lennard-Jones (LJ) mixtures, indicating the presence of spatially heterogeneous dynamics (SHD) [13, 16, 32, 33, 34, 7, 35, 36, 37, 38, 39, 40] . Hence, the SHD scenario for the dynamics of cold liquids was confirmed. In this section we show that SHD are also present in computer simulations of the SPC/E [41] water model. We study a system with N 1728 molecules at fixed density ρ 1¡ 0 g/cm 3 varying the temperature T from 200 K to 260 K in steps of 10 K. In order to increase statistics, we performed two independent simulations for every temperature. We find that the T £ dependence of the diffusion constant can be expressed by:
where the mode coupling temperature T MCT 193 K and the diffusivity exponent γ 2¡ 80.
We use the approach to define SHD clusters which was introduced in a study of a LJ mixture [33] and in experiments on colloids [40] . We calculate the self part of the time-dependent van Hove correlation function [42] 
where ¥ § represents average over configurations and r i ¥ t¨are the coordinates of the oxygen atom of the i-th molecule. The probability of finding an oxygen atom at a distance r at time t from its position at t 0 is given by 4πr 2 G s ¥ r ¢ t¨dr. For both short times (when particles move ballistically) and long times (when particle motion can be described by the diffusion equation), G s
where r 2 ¥ t! is the mean square displacements of the oxygen atoms. However, deviations of G s
t¨are well pronounced at intermediate times, corresponding to the vibrations of the particle within the cage formed by neighbor molecules. We define t" as the value of time at which the deviation of G s
In order to do this, we find the maximum of the non-Gaussian parameter [1, 2] 3 ps. Tubes connect neighboring molecules whose oxygenoxygen distance is less than 01 315 nm, the first minimum in the oxygen-oxygen radial distribution function.
In Fig. 2 , we see that G s
intersect for large r at r" , and that G s
develops a tail for large r falling outside the Gaussian distribution. Molecules with displacements r 3 r" can be considered as molecules that move more than expected (in compari-
). We find r" is in the range 0.20-0.25 nm for all T (the oxygen-hydrogen distance in a molecule for SPC/E is 0¡ 1 nm). If there are SHD, one would expect molecules with displacements r 3 r" to get involved in the SHD clusters. The fraction of molecules with r
8%. For simplicity we fix φ 7% for all T . Similar values of φ were found in atomic systems [32, 33, 40] and in polymer melts [43] .
Following Refs. [33] and [40] , we define the mobility of molecule i at a given time t 0 as the maximum displacement of the oxygen atom in the interval
We will be interested in the "mobile" molecules defined as the fraction φ of molecules with larger µ i . Finally, we define a SHD cluster for an observation time ∆t as those mobile molecules whose nearest-neighbor oxygenoxygen distance at time t 0 is less than 0¡ 315 nm, the first minimum of the oxygen-oxygen radial distribution function. 1 We find in water that SHD-clusters are similar to those in models of simpler liquids. Fig. 3 shows two snapshots of mobile particle clusters at T 260 K for ∆t t " . In LJ systems [32] , monatomic liquids [44] , and polymers [45] , complex clusters are composed of more elementary "strings" in which particles are arranged in a roughly linear fashion. This is not so clear in simulations of water because the hydrogen bond network constrains the geometry of the clusters. 
Dependence of Cluster Size on t and ∆t
We first address the issue of the dependence of SHD clusters on the observation time ∆t. The quantities we study are average cluster size, ¥ n ¥ ∆t § , and the weight average cluster size,
which is the average size of a cluster to which a randomly chosen molecule belongs. Figure 4 We find that
w behaves in a way similar to polymer systems [43] but differs in that there is a clear increase in
w at the time scale at which molecules go from a ballistic to a cage regime. We attribute this to strong correlations in the vibrational motion of the first-neighbor molecules, owing to the presence of hydrogen bonds.
In Fig. 4 (c) we show
increases in magnitude and shifts to larger time scales with decreasing T . The plateau at the crossover from the ballistic regime is nearly T -independent, as expected since the mean collision time is nearly T -independent. For T © 250 K, the maximum and the plateau merge, so it is not possible to separately distinguish these features.
In the SHD scenario, clusters of mobile molecules appear and disappear continually in time. In Fig. 5 , we show the time evolution of a cluster defined using ∆t t " 65 ps, at T 210 K. We set t 0 0 as the time at which the cluster is defined. The corresponding snapshot Table I. is shown in panel . Times separating the three regimes (ballistic, cage and diffusive) are also identified. During the ballistic regime and until the beginning of the cage regime, we observe no change in the cluster structure. During the cage regime, the collisions of the molecules with the neighbor molecules produce little effect. At t 16¡ 4 ps only one molecule of the cluster (at the right end) changes hydrogen bonds. These cumulative small effects produce a split of the cluster as time reaches the end of the cage regime. 2 At t t " the cluster splits into several subclusters. This fact shows that the cluster does not behave any more as a whole entity but its members possess certain degree of independence from each other. As expected, molecules for longer times diffuse farther and farther from each other, and no memory of the starting structure of the cluster remains. During this process, other clusters appear and disappear in the system.
Dependence of Clusters on Temperature
We focus now on the temperature dependence of the clusters obtained with ∆t t " . Because we use the same definition of clusters as in Ref. [33] we can compare our results with those found there for a LJ mixture. Fig. 6 shows the probability distribution P ¥ n ¢ T¨to find a cluster with n molecules for different temperatures T using a fraction φ 0¡ 07. We note that for this fraction there are no percolating clusters for this system size. We fit the distributions with the Ansatz defined in percolation theory [46] 
where n 0 Clusters found in water seem to be smaller than those found in LJ systems. In Ref. [33] it was found that P ¥ n ¢ Tf or T 1¡ 07 T MCT and φ 0¡ 05 is non-zero up to n 80 while from Fig. 6 we see that even at T 200 K (i.e., 1¡ 03 T MCT ) there are no clusters containing more than 50 molecules. Moreover the system studied in [33] contains 4 times more molecules than our system. This may explain the difference in the cluster size distribution.
SPATIALLY HETEROGENEOUS DYNAMICS AND THE COOPERATIVELY REARRANGING REGIONS OF THE ADAM-GIBBS THEORY
Many years ago Adam and Gibbs (AG) proposed a theory to describe the dynamics of supercooled liquids [29, 47, 48] . They introduced a concept of "cooperatively rearranging regions" (CRR) to describe the diffusion in a low temperature liquid. The AG theory assumes that the SHD scenario is correct. The theory predicts the empirical Williams-LandelFerry equation which determines the evolution of the relaxation time with temperature. Another important result is the relation between the diffusion constant D, the temperature T and the configurational entropy of the system S conf ,
S conf is interpreted, in the thermodynamic limit, as k B logW c , where W c is the number of configurations accessible to the system and k B is the Boltzmann constant. More recently, W c has been identified as the number of basins in the potential energy landscape (PEL) accessible to the system in equilibrium, and this allows an easier direct calculation of S conf by computer simulations [49, 50] .
Equation (8) (9) where N is the number of molecules in the liquid. Based on Eq. 9, we will develop a quantitative definition of CRR in the context of the SHD analysis described in the section above. In order to find a relation between SHD and AG predictions, we calculate the average cluster mass
. Motivated by the recent results that the average instantaneous cluster mass scales inversely with the entropy in a model of living polymers [53] and based on Eq. (9), we use n"
as a measure of z, since at t " correlations are very pronounced and ¥ n ¥ t is nearly maximal. 3 Using the values of S conf from Ref. [30] , we find a linear relationship between n" and 1 § S conf (Fig. 7(a) ), n"
This finding is consistent with the possibility that n" £ 1 can be regarded as a measure of z and provides a quantitative connection between SHD clusters and the AG approach. 4 It is necessary to subtract one from n" to obtain 3 The maximum of ¦ n § ∆t© occurs at time slightly before t 6 . Our conclusions are unaffected by choosing n6 or the maximum of ¦ n § ∆t© . 4 This connection relies on the assumption that the T dependence of s conf § z¨is weak in comparison to that of S conf , as can be expected since z N and the configurational entropy is an extensive property. direct proportionality, implying that a cluster of unit size does not correspond to a CRR [33] . Equation (10) provides a clear link between a cluster property, n" , and a property of the PEL, S conf . Since S conf and the diffusion constant D are related [30] , we expect to find 
